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Peter Celec 1,2,3 , L’ubomíra Tóthová 1 and Janka Bábíčková 1,4,*
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Abstract: Current diagnostic methods of acute kidney injury (AKI) have limited sensitivity and
specificity. Tissue injury has been linked to an increase in the concentrations of extracellular
DNA (ecDNA) in plasma. A rapid turnover of ecDNA in the circulation makes it a potential
marker with high sensitivity. This study aimed to analyze the concentration of ecDNA in plasma
in animal models of AKI. Three different fractions of ecDNA were measured—total ecDNA was
assessed fluorometrically, while nuclear ecDNA (ncDNA) and mitochondrial DNA (mtDNA) were
analyzed using quantitative real-time PCR. AKI was induced using four different murine models of
AKI-bilateral ureteral obstruction (BUO), glycerol-induced AKI (GLY), ischemia–reperfusion injury
(IRI) and bilateral nephrectomy (BNx). Total ecDNA was significantly higher in BUO (p < 0.05)
and GLY (p < 0.05) compared to the respective control groups. ncDNA was significantly higher
in BUO (p < 0.05) compared to SHAM. No significant differences in the concentrations of mtDNA
were found between the groups. The plasma concentrations of different fractions of ecDNA are
dependent on the mechanism of induction of AKI and warrant further investigation as potential
surrogate markers of AKI.
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1. Introduction
Acute kidney injury (AKI) is a serious, often life-threatening condition with a multifactorial origin
and increasing incidence [1,2]. The estimated incidence of AKI in hospitalized patients is one in five
adults and one in three children and rising [2,3]. AKI is a common complication of major surgeries,
traumas, and patients in the intensive care unit [4]. Surviving AKI is associated with declined quality
of life, and it is currently considered the major risk factor for developing chronic kidney disease
(CKD) [2]. Annual costs of management of AKI are estimated at USD 10 billion in the United States
and USD 1.7 billion in the United Kingdom [5].
AKI is defined as an absolute increase in serum creatinine (sCr) by 0.3 mg/dL (26.5 µmol/L) within
48 h or by a 50% increase of sCr within seven days, or by a urine output less than 0.5 mL/kg/h for
at least six hours [6]. The diagnosis of AKI is thus based on the measurements of serum creatinine,
glomerular filtration rate, or oliguria [1]. Serum creatinine is routinely known as unreliable and
significantly elevated only after severe damage to the kidneys [7]. Moreover, the sensitivity of serum
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creatinine to rapid changes in renal function is low, and it does not detect tubular injury [8]. Although
significant improvements in investigating novel markers of AKI were recently reached, such as kidney
injury molecule-1 (KIM-1), neutrophil gelatinase associated lipocalin-2 (NGAL) or Interleukin 18
(IL-18) (all mirroring injuries of proximal tubules), their incorporation into routine clinical practice is
hindered by inconsistent results between different studies [2]. Thus, there is a need for biomarkers
with the ability to detect kidney injury early, sustain high specificity, and rapidly monitor changes
in renal function.
Extracellular DNA (ecDNA) is a fraction of DNA which circulates in bodily fluids rather than being
constrained inside the cell [9]. In plasma, it includes double-stranded (dsDNA) and single-stranded
(ssDNA) DNA fragments of various length (tens to thousands of bp), mono or oligo-nucleosomes,
extracellular traps (ETs), nucleolipidoproteic complexes, and microvesicular structures [10]. In healthy
individuals, ecDNA originates predominantly from blood cells [11]. The turnover of extracellular DNA
in the bloodstream is relatively fast, as demonstrated by the presence of placental ecDNA in women after
delivery [12]. Following delivery, a high amount of ecDNA can be cleared from the maternal circulation
within one hour, followed by additional slower phases within 2–13 h and complete removal of foreign
ecDNA from the bloodstream within 48 h. The potential of ecDNA as a diagnostic tool has been widely
explored during the last decades. In particular, the rapid clearance of ecDNA from the circulation
is considered to be of potential interest for disease progression monitoring [13]. Although most of
the studies focus on cancer, tissue damage in non-malignant conditions was found to be associated
with high concentrations of ecDNA, namely stroke, myocardial infarction, and burns [14–19].
In CKD, the concentrations of ecDNA were not higher in patients than in healthy individuals [20,21].
On the contrary, in AKI, elevated concentrations of ecDNA were found in patients with sepsis who
developed AKI compared to non-AKI sepsis [22]. Similarly, in animal models of AKI, elevated
concentrations of ecDNA were found in ischemia–reperfusion injury [23,24] and glycerol-induced
injury [25]. Based on the published results in the setting of acute kidney injury, we hypothesized that
the concentrations of ecDNA following AKI might serve as a surrogate marker for the detection of
AKI. This pilot study aimed to investigate the concentrations of different fractions of ecDNA using two
different methods in four different animal models of AKI.
2. Materials and Methods
2.1. Animal Models of Acute Kidney Injury
Twelve week old C57Bl6 male mice were bred at the animal facility of the Institute of Molecular
Biomedicine, housed 5 per cage, with ad libitum access to standard rodent chow and tap water,
12/12 light/dark cycle, constant temperature 22 ± 2 ◦C, and humidity 55 ± 10%. The ethical committee
of the Institute of Pathophysiology approved all the experiments, number of approval 10/2015/SK1012
from 12 February 2015, name of the project: Extracellular DNA in Acute Kidney Injury.
All surgical procedures were performed under ketamine (100 mg/kg, Bioveta, Inc., Ivanovice na
Hane, Czech Republic) and xylazine (10 mg/kg, Riemser Arzneimittel AG, Greifswall-Insel Riems,
Germany) anaesthesia on a heating pad set to 37 ◦C. Wounds in all the procedures were sutured in two
layers using a 5-0 silk. Bilateral ureteral obstruction (BUO) was performed by a midline incision and
ligation of both ureters using 5-0 silk (n = 8 for BUO and n = 8 for SHAM) [26]. Ischemia–reperfusion
injury (IRI) was performed in the left kidney by clamping both renal vessels using a vascular clamp
(Fine Science Tools, Heidelberg, Germany). Ischemia was maintained for 30 min, the clamp was
removed and the reperfusion was confirmed macroscopically. The contralateral kidney was removed
afterwards. Unilateral nephrectomy (UNx) was carried out by removing the right kidney (n = 8 for
IRI, n = 5 for UNx and n = 3 for SHAM) [27]. Bilateral nephrectomy (BNx) was performed by midline
incision followed by decapsulation of both kidneys and ligation of renal vessels and ureters using
5-0 silk followed by excision of both kidneys (n = 4 for BNx and n = 4 for SHAM) [28]. SHAM operated
animals underwent the same procedures without the ligation, excision, or clamping. Glycerol-induced
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AKI (GLY) was induced by intramuscular hind limbs injection of 50% glycerol (8 mg/kg). Control mice
(CTRL) were injected with physiological saline [29]. Mice were sacrificed either 48 (BUO, GLY) or 24 h
(IRI, BNx) after induction of the injury.
2.2. Blood Collection and Tissue Processing for Light Microscopy and Histological Analysis
Blood was collected via retro-orbital puncture using EDTA tubes (Sarsted, Nümbrecht, Germany),
centrifuged at 1600 g and stored at−20 ◦C until analysed. The kidneys were removed, cut longitudinally,
fixed in Methyl Carnoy’s solution overnight, dehydrated, and embedded in paraffin. Sections (1 µm)
were stained with Periodic Acid Schiff (PAS) stain according to the standard protocols. Tissue injury,
with focus on tubular dilation, atrophy, and the presence of proteinuric casts, was analysed to confirm
the renal injury.
2.3. Biochemical Analysis
Plasma creatinine and blood urea nitrogen (BUN) were analysed using colorimetric detection kits
according to the protocol provided by the manufacturer (Arbor assays, Ann Arbor, Michigan, USA).
2.4. Analysis of EcDNA
EcDNA was isolated from 200 µL of plasma using the QIAmp Blood Mini Kit (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions.
For total DNA, the Qubit Fluorometer and Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific,
Waltham, Mass) was used according to the instructions by the manufacturer. ncDNA and mtDNA
were analysed using real-time PCR Mastercycler realplex 4 (Eppendorf, Hamburg, Germany). The PCR
was performed using the QuantiFast SYBRGreen PCR Kit (Qiagen, Hilden, Germany), designed for
the absolute quantification of low-copy DNA targets. The primers and DNA template were added
according to the instructions. The following program was used: 1 × 5 min at 95 ◦C; 40 × 10 s at 95 ◦C
for denaturation, 30 s at 60 ◦C for annealing and 30 s at 75 ◦C for extension. For mitochondrial DNA,
the following primers for cytochrome c gene were used: F: 5’-CCCAGCTACTACCATCATTCAAGT-3’;
R: 5’-GATGGTTTGGGAGATTGGTTGATGT-3’ [30]. For nuclear DNA, primers for
beta-2-microglobulin gene were used: F: 5’-TGTCAGATATGTCCTTCAGCAAGG-3’; R: 5’-TGCTTAA
CTCTGCAGGCGTATG-3’ [31]. The relative units, shown as percentages, were calculated from
the absolute cycle threshold (CT) values using the standard curve designed as serial dilutions of
purified PCR products of known independent samples for each target gene.
2.5. Statistical Analysis
Data were analysed using IBM SPSS Statistics Version 25.0 (New York, NY, USA). One-way
analysis of variance (ANOVA) followed by Bonferroni’s post hoc test were used to analyse the results.
The p values less than 0.05 were considered statistically significant. All data are presented as mean + SD.
2.6. Data Availability Statement
The Excel data used to support the findings of this study are available from the corresponding
author upon request.
3. Results
3.1. Biochemical and Histological Analyses Confirm AKI
In the first step, successful induction of AKI in all animal models was confirmed. The bilateral
ureteral obstruction (BUO) model showed +101% and +92% higher concentration of plasma creatinine
and blood urea nitrogen (BUN) compared to SHAM-operated animals, respectively (Figure 1a,b,
p < 0.001, both; t = 5.63 and t = 3.93, respectively). In the glycerol-induced AKI (GLY), plasma
creatinine was higher by +146% and BUN by +30% compared to CTRL group (Figure 1d,e, p < 0.05
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and p = 0.16; t = 4.53 and t = 1.62, respectively). Both creatinine and BUN were significantly different
in the ischemia–reperfusion injury (IRI) model (p < 0.001 both; F = 26.73 and F = 142.26, respectively).
Creatinine was higher by +297% compared to SHAM and by +556% compared to UNx group (p < 0.01
and p < 0.001, respectively, Figure 1g); BUN was higher by +156% compared to SHAM and by +138%
compared to UNx (p < 0.001, both, Figure 1h). The bilateral nephrectomy (BNx) model showed
a higher concentration of plasma creatinine by +86% compared to SHAM operated controls (Figure 1j,
p < 0.001; t = 10.84). A histological examination of kidneys from SHAM operated, vehicle-treated,
or uninephrectomized animals showed normal renal histology (Figure 1c,f,i; left panels). In BUO,
a histopathological evaluation of PAS stained kidney sections showed marked dilation and atrophy
of tubular segments (Figure 1c; right panel). The GLY group showed proteinuric casts and tubular
atrophy (Figure 1f; right panel). The IRI group showed tubular atrophy and epithelial cell necrosis and
cell shedding, tubular dilation, and multiple proteinuric casts (Figure 1i; right panel).
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panel—tubular dilation and atrophy. Glycerol-induced AKI: (d) creatinine; (e) BUN; (f) left panel—
normal renal architecture, right panel—tubular atrophy and proteinuric casts. Ischemia–reperfusion 
injury: (g) creatinine; (h) BUN; (i) left panel—normal renal architecture, right panel—tubular atrophy 
and dilation, epithelial cell necrosis and cell shedding, and proteinuric casts. Bilateral nephrectomy: 
(j) creatinine. Overview of the preparation of the individual models (k). BUO—bilateral ureteral 
ligation, BUN—blood urea nitrogen, GLY—glycerol-induced AKI, UNx—unilateral nephrectomy, 
IRI—ischemia–reperfusion injury, BNx—bilateral nephrectomy. ** denotes p < 0.01, *** denotes p < 
Figure 1. Renal function nd histopathological essment of mice with acute kidney injury (AKI).
Bilateral ureteral obstruction: (a) creatinine; (b) BUN; (c) left panel—normal renal architecture, right
panel—tubular dilation and atrophy. Glyc rol-induced AKI: (d) creatinine; (e) BUN; (f) left panel—normal
renal architecture, right panel—tubular atrophy and proteinuric casts. Ischemia–reperfusion injury:
(g) creatinine; (h) BUN; (i) left panel—normal re al architecture, right panel—tubular atrophy and dilation,
epithelial cell necrosis and cell shedding, and proteinuric casts. Bilateral nephrectomy: (j) creatinine.
Overview of the preparation of the individual models (k). BUO—bilateral ureteral ligation, BUN—blood
urea nitrogen, GLY—glycerol-induced AKI, UNx—unilateral nephrectomy, IRI—ischemia–reperfusion
injury, BNx—bilateral nephrectomy. ** denotes p < 0.01, *** denotes p < 0.001. Data are presented as
mean + SD. Histological images show periodic acid Schiff stain (PAS), magnification 400x.
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3.2. Total EcDNA is Elevated in Animal Models of AKI
The first Fluorescent assessment of extracellular DNA in plasma provides the measurement of
total DNA in plasma, regardless of its origin. Total ecDNA was higher by +177% in BUO compared
to the SHAM operated group (Figure 2a, p < 0.05; t = 2.31). In GLY, total ecDNA was higher by
+304% compared to the CTRL group (Figure 2b, p < 0.05; t = 2.99). In IRI, there were no significant
differences between the groups (p = 0.41; F = 0.95). Total ecDNA was higher by +49% and by +68%
when compared to SHAM and UNx (Figure 2c, p = 0.659 and p = 0.428, respectively). In BNx, total
ecDNA was higher by +891%, but the difference was not statistically significant (Figure 2d, p = 0.062;
t = 2.90).
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Figure 2. Total ecDNA measured in plasma of mice with acute kidney injury (AKI). (a) Bilateral ureteral
obstruction. (b) Glycerol-induced AKI. (c) Ischemia–reperfusion injury. (d) Bilateral nephrectomy. * denotes
p < 0.05. Data are presented as mean + SD. BUO—bilateral ureteral ligation, GLY—glycerol-induced AKI,
UNx—unilateral nephrectomy, IRI—ischemi – eperfusion injury, BNx—bilateral n phrectomy.
3.3. Nuclear EcDNA is Elevated in the BUO Model
To analyse whether the ecDNA in plasma originates from the nucleus (ncDNA), real-time RT PCR
targeting a chromosomal gene (beta-2-microglobulin) was performed. In the BUO model, ncDNA
was significantly higher in the experimental group by +353% when compared to SHAM (Figure 3a,
p < 0.05; t = 3.32). The GLY group had a higher concentration of ncDNA by +396% when compared to
the CTRL group, but the difference was not statistically significant (Figure 3b, p = 0.125; t = 2.07). In the
IRI model, there were no significant differences between the groups (p = 0.17; F = 2.05). Total ecDNA
was higher by +681% when compared to SHAM and by +160% when compared to UNx (Figure 3c,
p = 0.214 and p = 0.326, respectively). In the BNx model, the ecDNA concentration was higher by
+148%, but the difference was not statistically significant (Figure 3d, p = 0.348; t = 1.02).Diagnostics 2020, 10, x FOR PEER REVIEW 7 of 13 
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Figure 3. Nuclear ecDNA (ncDNA) measured in plasma of mice with acute kidney injury (AKI). (a) Bilateral
ureteral obstr ction. (b) Glycerol-induced AKI. (c) Ischemia–reperfusion injury. (d) Bilateral nephrectomy.
* denot s p < 0.05. Data are presented as me n + SD. BUO—bilateral ureteral ligation, GLY—glycerol-i duced
AKI, UNx unilateral nephrectomy, IRI ischemia–reperfusion injury, BNx—bilateral nephrectomy.
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3.4. Mitochondrial EcDNA is not Elevated in Animal Models of AKI
To analyse the involvement of mitochondrial DNA (mtDNA), real-time RT PCR targeting
a mitochondrial gene (cytochrome c) was performed. The analysis showed a higher concentration of
mtDNA in BUO compared to the SHAM group by +132%, but the differences did not reach statistical
significance (Figure 4a, p = 0.067; t = 2.09). In the GLY model, no differences were found between
the groups (Figure 4b, p = 0.985; t = 0.02). There were no significant differences between the groups
in the IRI model (p = 0.11; F = 2.66). IRI had a higher concentration of mtDNA by +850% compared to
SHAM and by +133% compared to UNx (Figure 4c, p = 0.133 and p = 0.303, respectively). There were
no differences observed between the groups in the BNx model (Figure 4d, p = 0.911; t = 0.12).
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(a) Bilateral ureteral obstruction. (b) Glycerol-induced AKI. (c) Ischemia–reperfusion injury. (d) Bilateral
nephrectomy. Data are presented as mean + SD. BUO—bilateral ureteral ligation, GLY—glycerol-induced
AKI, UNx—unilateral nephrectomy, IRI—ischemia–reperfusion injury, BNx—bilateral nephrectomy.
4. Discussion
The present study analyzed the concentrations of ecDNA in plasma of three different animal models
of AKI and one model of uremia. Thr e diff ren fractions of ecDNA were analysed. The fluorometric
analysis was performed to analyze the unspecific ‘total’ ecDNA, whil real-time (RT) PCR was used
to detect DNA of nuclear and mitochondrial origin. This study shows that there are differences
in the concentrations of different fractions of ecDNA, likely depending on the mechanisms of induction
of renal disease and uremia.
Under physiological conditions, most of the circulating ecDNA molecules are of hematopoietic
origin [32]. After tissue injury, the equilibrium shifts, and the main source of ecDNA is
primarily the affected organ, as described for acute myocardial infarction, cancer, or solid organ
xenografts [18,33,34]. In addition, a a response to injury, leukocytes may undergo a process f ETosis
and form xtr cellular traps (ETs) with antimicrobial and immune activity [35]. So far, neutrophils
(neutrophil extracellular traps, NETs), macrophages (macrophage extracellular traps, METs),
eosinophils, basophils, and mast cells were found to be able to undergo ETosis [36–40]. The formation
of ETs includes the disruption of the nuclear membrane, chromatin decondensation, and mixing with
the context of cytosol and final extrusion of a net-like structure composed of DNA, histones, proteases,
and antimicrobial peptides into the extracellular space [41]. Although the DNA in the ETs was first
described to be of nuclear origin, recent findings have shown that under certain conditions, ETs formed
by eosinophils can contain both ncDNA and mtDNA and neutrophils can form NETs containing only
mtDNA [38,42,43].
The three different models of AKI used in the present study all originated from a different type
of injuries to the kidneys. Still, on the cellular level, the primary target cells in all of the models are
within the tubular segments of the nephron. In BUO, the injury is caused by the increased strain
on the nephrons, which results in tubular dilation and atrophy, followed by an early infiltration
by inflammatory cells, mostly macrophages and lymphocytes [44]. Thus, the most likely source of
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the elevated ecDNA levels in this model are the tubular cells and possibly early inflammatory infiltrates
that underwent ETosis, but the latter has not yet been described in this model.
Due to the high abundance of mitochondria, the metabolically highly active proximal tubular
cells are the primary target of injury in acute IRI. Markedly, the S3 segment of the proximal tubule
in the corticomedullary region is the most affected area due to the high oxygen demands compensating
for the physiologically hypoxic medullary region [45]. Based on this, it was expected that the mtDNA
would be highly increased in this model. Nevertheless, even though the mtDNA in this model was
higher by 850% compared to SHAM animals, the results were not significantly different. On the other
hand, compared to the BUO model, where both proximal and distal tubular cells are affected more
equivocally, the average fold increase in mtDNA levels in BUO (+133%) was lower when compared to
the IRI model (+850%). Unfortunately, due to the high inter-individual variability between the mice
in this preliminary experiment, it can only be speculated that the addition of more animals per group
would increase the statistical power of the analysis and confirm the assumption. Experimental data
on the plasma mtDNA levels in AKI are sparse, and so far has only been described in septic AKI, where
the elevation in plasma mtDNA appeared due to the sepsis [46]. Most of the researchers focused their
research on the urinary levels of mtDNA. In mice after IRI, urinary mtDNA was elevated significantly
24 h after 10 or 15 min of ischemia [47]. The same study also showed higher urinary mtDNA in patients
with progressive AKI after cardiopulmonary bypass. Similarly, patients with hypertensive nephropathy
showed higher levels of mtDNA in urine compared to healthy volunteers [48]. It should be noted that
a high level of fragmentation of mtDNA in plasma might hinder its analysis using real-time PCR, likely
making urine a superior biofluid for these analyses [49].
Although both total ecDNA and ncDNA showed an increasing trend in our experiment,
the results did not reach statistical significance, probably due to high inter-individual variability in our
samples. Elevated levels of plasma ecDNA in IRI is in line with other studies and the discrepancies
in the significance of the results might be due to a different fluorescent method used and the use of
real-time PCR in our study [24].
The pathophysiology of the GLY model includes rhabdomyolysis, followed by myoglobin-induced
nephrotoxicity in the kidneys [50,51]. The key mechanisms, although not fully elucidated,
include oxidative stress, endothelial dysfunction, inflammation, and apoptosis. Histologically,
the rhabdomyolysis-induced AKI is manifested mainly by cortical tubular cell necrosis and
inflammatory cell infiltration. Our results in this model showed significantly increased total ecDNA
with a similar pattern (although not statistically significant) of the ncDNA. Interestingly, there was no
trend in the increase of mtDNA levels when compared to the control group in this model. The reason for
this might be the different pathophysiology of injury to the kidneys, which, compared to the previous
two models (BUO, IRI) originates from a systemic injury to skeletal muscles rather than in the kidneys
per se. Recent studies showed that the infiltrating macrophages via the formation of METs are crucial
to promoting injury to the kidneys in the model [25,52]. Moreover, in our experiment, the overall
histologically detectable injury in the GLY model was milder compared to the BUO and IRI models
(Figure 1), also reflected in only a mild elevation of the levels of BUN, suggesting mtDNA as a potentially
more suitable marker of intrinsic renal AKI rather than systemically induced AKI.
The BNx model represents a model of severe uremia, which allows the study of the systemic effects
of the uremic toxins without any residual filtration capacity of the injured kidneys [53]. The levels of
total ecDNA were marginally significant (p = 0.062), and the ncDNA showed an increase by +148% on
average. The observed trend of the increase is likely the result of a peripheral tissue injury caused by
uremic toxins. The state of uremia leads to a systemic inflammation with the migration of inflammatory
cells, altered expression of both pro and anti-inflammatory cytokines, disruption of homeostasis,
and the oxidation-reduction status of the organism [54]. Distant organ dysfunction as a complication
of AKI and uremia was reported in the lungs, brain, heart, liver, and the gastrointestinal tract [55–57].
Thus, the most probable source of ecDNA in this model is the injured cells in the peripheral tissues
and immune cells undergoing ETosis. Interestingly, because the levels of mtDNA were not elevated
Diagnostics 2020, 10, 152 8 of 12
in this model, it supports the assumption that the injured tubular cells might be the primary source of
mtDNA in the BUO and IRI models.
Another aspect that should be taken into consideration is the clearance of ecDNA, since there is
no residual renal filtration in this model. Although the mechanism by which ecDNA is cleared from
the circulation is not entirely known, the liver was found to have an important role in the clearance
of single-stranded DNA (ssDNA) and mononucleosomes in mice [58,59]. The kidney, despite being
the primary excretory organ, seems to play only a minor role in the removal of ecDNA from plasma,
as was demonstrated for both native and denaturated DNA injected into the mice [60]. In addition,
haemodialysis increases ecDNA for a limited time (probably due to the mechanic stress on the circulating
blood cells), but the longer-term effect of blood filtration does not influence the levels of ecDNA in CKD
patients before the next dialysis session, and these levels are comparable to healthy individuals [20].
On the other hand, a different mechanism of clearance by renal filtration was found in the urine
of pregnant women, with differences between maternal and fetal ecDNA [12]. Interestingly,
the time-lapsed clearance profile of maternal ecDNA in the urine was dependent on the size of
the fragments, while no such phenomenon was observed for fetal ecDNA. Nevertheless, renal filtration
is not the only mechanism involved in the elimination of ecDNA. The most abundant endonuclease
in the kidney is Deoxyribonuclease I (DNAse I) [61]. The expression of the renal DNAse I in the injured
kidney seems to be dependent on the mechanism of injury. While lupus nephritis was associated with
decreased expression of the enzyme in both animal models and humans, cisplatin induced injury and
IRI were shown to increase the expression of the enzyme [61–63].
Taken together, the renal filtration and renal endonucleases are partially responsible for
the eradication of ecDNA from circulation, and their function is altered in renal injury. However,
the renal route is only responsible for less than 20% of the total ecDNA that is being cleared from
the circulation by kidneys [12]. It is thus likely that the uremic environment, rather than the absence of
the clearance capacity of the kidneys, is responsible for the elevated levels of ecDNA in this model.
This study comes with several limitations. The limiting factors were plasma volume,
high inter-individual variability, and the inability to analyze urine samples due to the low volume of
collected urine. In addition, due to the ethical reasons, it was impossible to perform repeated blood
collection from the mice, and the study of the measurement of the concentration of ecDNA was limited
to the time at sacrifice. Repeated blood collections at earlier stages after the injury might give a better
overview of the dynamics in ecDNA upon kidney injury. Because this was a pilot study to analyze
whether the levels of ecDNA are elevated in AKI irrespective of its origin, the cellular sources of ecDNA
were not assessed. Moreover, our currently unpublished data suggest that the centrifugation step,
namely re-centrifugation of the collected plasma at a higher speed, improves the informative value of
ecDNA analysis. Detailed correlation of the different fractions of ecDNA with standard parameters of
renal function will be the focus of the following studies.
In conclusion, the present study demonstrated that the concentrations of ecDNA in plasma in AKI
are dependent on the mechanism of induction of AKI. Moreover, different fractions of ecDNA showed
a different pattern of elevation based on the animal model used. Further studies warrant closer analysis
of the ecDNA found in plasma in AKI.
Author Contributions: Conceptualization, J.B. and P.C.; methodology, J.H., L’.J., B.K. and B.V., formal analysis,
J.H. and J.B.; investigation, J.H., L’.J., B.K. and B.V., resources, P.C., and L’.T.; data curation, J.B. and P.C.;
writing—original draft preparation, J.H. and J.B.; writing—review and editing, P.C., B.K. and L’.T.; supervision,
J.B. and P.C.; project administration, J.B.; funding acquisition, J.B. and L’.T. All authors have read and agreed to
the published version of the manuscript.
Funding: This research was funded by the Slovak Research and Development Agency (grant APVV-18-0278) and
by European Union’s Horizon 2020 research and innovation programme under the Marie Skłodowska-Curie grant
agreement (No. 842619-DIE_CKD).
Conflicts of Interest: The authors declare no conflict of interest.
Diagnostics 2020, 10, 152 9 of 12
References
1. Lameire, N.; Biesen, W.V.; Vanholder, R. Acute kidney injury. Lancet 2008, 372, 1863–1865. [CrossRef]
2. Rewa, O.; Bagshaw, S.M. Acute kidney injury-epidemiology, outcomes and economics. Nat. Rev. Nephrol.
2014, 10, 193–207. [CrossRef] [PubMed]
3. Susantitaphong, P.; Cruz, D.N.; Cerda, J.; Abulfaraj, M.; Alqahtani, F.; Koulouridis, I.; Jaber, B.L.; Acute Kidney
Injury Advisory Group of the American Society of Nephrology. World incidence of AKI: A meta-analysis.
Clin. J. Am. Soc. Nephrol. 2013, 8, 1482–1493. [CrossRef] [PubMed]
4. Lameire, N.; Van Biesen, W.; Vanholder, R. The changing epidemiology of acute renal failure. Nat. Clin.
Pract. Nephrol. 2006, 2, 364–377. [CrossRef] [PubMed]
5. Bouchard, J.; Mehta, R.L. Acute Kidney Injury in Western Countries. Kidney Dis. (Basel) 2016, 2, 103–110.
[CrossRef] [PubMed]
6. Kellum, J.A.; Lameire, N.; Group, K.A.G.W. Diagnosis, evaluation, and management of acute kidney injury:
A KDIGO summary (Part 1). Crit Care 2013, 17, 204. [CrossRef]
7. Vaidya, V.S.; Ferguson, M.A.; Bonventre, J.V. Biomarkers of acute kidney injury. Annu Rev. Pharmacol. Toxicol.
2008, 48, 463–493. [CrossRef]
8. Waikar, S.S.; Betensky, R.A.; Emerson, S.C.; Bonventre, J.V. Imperfect gold standards for kidney injury
biomarker evaluation. J. Am. Soc. Nephrol. 2012, 23, 13–21. [CrossRef]
9. Steinman, C.R. Free DNA in serum and plasma from normal adults. J. Clin. Invest. 1975, 56, 512–515. [CrossRef]
10. Khier, S.; Lohan, L. Kinetics of circulating cell-free DNA for biomedical applications: Critical appraisal of
the literature. Future Sci. OA 2018, 4, FSO295. [CrossRef]
11. Lui, Y.Y.; Woo, K.S.; Wang, A.Y.; Yeung, C.K.; Li, P.K.; Chau, E.; Ruygrok, P.; Lo, Y.M. Origin of plasma
cell-free DNA after solid organ transplantation. Clin. Chem. 2003, 49, 495–496. [CrossRef] [PubMed]
12. Yu, S.C.; Lee, S.W.; Jiang, P.; Leung, T.Y.; Chan, K.C.; Chiu, R.W.; Lo, Y.M. High-resolution profiling of fetal
DNA clearance from maternal plasma by massively parallel sequencing. Clin. Chem. 2013, 59, 1228–1237.
[CrossRef] [PubMed]
13. Celec, P.; Vlkova, B.; Laukova, L.; Babickova, J.; Boor, P. Cell-free DNA: The role in pathophysiology and
as a biomarker in kidney diseases. Expert Rev. Mol. Med. 2018, 20, e1. [CrossRef] [PubMed]
14. Anker, P.; Mulcahy, H.; Chen, X.Q.; Stroun, M. Detection of circulating tumour DNA in the blood
(plasma/serum) of cancer patients. Cancer Metastasis Rev. 1999, 18, 65–73. [CrossRef] [PubMed]
15. Papadopoulou, E.; Davilas, E.; Sotiriou, V.; Koliopanos, A.; Aggelakis, F.; Dardoufas, K.; Agnanti, N.J.;
Karydas, I.; Nasioulas, G. Cell-free DNA and RNA in plasma as a new molecular marker for prostate cancer.
Oncol. Res. 2004, 14, 439–445. [CrossRef] [PubMed]
16. Boyko, M.; Ohayon, S.; Goldsmith, T.; Douvdevani, A.; Gruenbaum, B.F.; Melamed, I.; Knyazer, B.; Shapira, Y.;
Teichberg, V.I.; Elir, A.; et al. Cell-free DNA–a marker to predict ischemic brain damage in a rat stroke
experimental model. J. Neurosurg. Anesthesiol. 2011, 23, 222–228. [CrossRef] [PubMed]
17. Antonatos, D.; Patsilinakos, S.; Spanodimos, S.; Korkonikitas, P.; Tsigas, D. Cell-free DNA levels as a prognostic
marker in acute myocardial infarction. Ann. N. Y. Acad. Sci. 2006, 1075, 278–281. [CrossRef]
18. Destouni, A.; Vrettou, C.; Antonatos, D.; Chouliaras, G.; Traeger-Synodinos, J.; Patsilinakos, S.; Kitsiou-Tzeli, S.;
Tsigas, D.; Kanavakis, E. Cell-free DNA levels in acute myocardial infarction patients during hospitalization.
Acta. Cardiol. 2009, 64, 51–57. [CrossRef]
19. Chiu, T.W.; Young, R.; Chan, L.Y.; Burd, A.; Lo, D.Y. Plasma cell-free DNA as an indicator of severity of injury
in burn patients. Clin. Chem. Lab. Med. 2006, 44, 13–17. [CrossRef]
20. Korabecna, M.; Opatrna, S.; Wirth, J.; Rulcova, K.; Eiselt, J.; Sefrna, F.; Horinek, A. Cell-free plasma DNA
during peritoneal dialysis and hemodialysis and in patients with chronic kidney disease. Ann. N. Y. Acad. Sci.
2008, 1137, 296–301. [CrossRef]
21. McGuire, A.L.; Urosevic, N.; Chan, D.T.; Dogra, G.; Inglis, T.J.; Chakera, A. The impact of chronic kidney
disease and short-term treatment with rosiglitazone on plasma cell-free DNA levels. PPAR Res. 2014, 2014,
643189. [CrossRef] [PubMed]
22. Clementi, A.; Virzi, G.M.; Brocca, A.; Pastori, S.; de Cal, M.; Marcante, S.; Granata, A.; Ronco, C. The Role of
Cell-Free Plasma DNA in Critically Ill Patients with Sepsis. Blood Purif. 2016, 41, 34–40. [CrossRef] [PubMed]
Diagnostics 2020, 10, 152 10 of 12
23. Raup-Konsavage, W.M.; Wang, Y.; Wang, W.W.; Feliers, D.; Ruan, H.; Reeves, W.B. Neutrophil peptidyl
arginine deiminase-4 has a pivotal role in ischemia/reperfusion-induced acute kidney injury. Kidney Int.
2018, 93, 365–374. [CrossRef] [PubMed]
24. Jansen, M.P.; Emal, D.; Teske, G.J.; Dessing, M.C.; Florquin, S.; Roelofs, J.J. Release of extracellular DNA
influences renal ischemia reperfusion injury by platelet activation and formation of neutrophil extracellular
traps. Kidney Int. 2017, 91, 352–364. [CrossRef] [PubMed]
25. Okubo, K.; Kurosawa, M.; Kamiya, M.; Urano, Y.; Suzuki, A.; Yamamoto, K.; Hase, K.; Homma, K.; Sasaki, J.;
Miyauchi, H.; et al. Macrophage extracellular trap formation promoted by platelet activation is a key
mediator of rhabdomyolysis-induced acute kidney injury. Nat. Med. 2018, 24, 232–238. [CrossRef] [PubMed]
26. Stodkilde, L.; Norregaard, R.; Fenton, R.A.; Wang, G.; Knepper, M.A.; Frokiaer, J. Bilateral ureteral obstruction
induces early downregulation and redistribution of AQP2 and phosphorylated AQP2. Am. J. Physiol.
Renal. Physiol. 2011, 301, F226–F235. [CrossRef]
27. Wei, Q.; Dong, Z. Mouse model of ischemic acute kidney injury: Technical notes and tricks. Am. J. Physiol.
Renal. Physiol. 2012, 303, F1487–F1494. [CrossRef]
28. Hoke, T.S.; Douglas, I.S.; Klein, C.L.; He, Z.; Fang, W.; Thurman, J.M.; Tao, Y.; Dursun, B.; Voelkel, N.F.;
Edelstein, C.L.; et al. Acute renal failure after bilateral nephrectomy is associated with cytokine-mediated
pulmonary injury. J. Am. Soc. Nephrol 2007, 18, 155–164. [CrossRef]
29. Singh, A.P.; Junemann, A.; Muthuraman, A.; Jaggi, A.S.; Singh, N.; Grover, K.; Dhawan, R. Animal models of
acute renal failure. Pharmacol. Rep. 2012, 64, 31–44. [CrossRef]
30. Rooney, J.P.; Ryde, I.T.; Sanders, L.H.; Howlett, E.H.; Colton, M.D.; Germ, K.E.; Mayer, G.D.;
Greenamyre, J.T.; Meyer, J.N. PCR based determination of mitochondrial DNA copy number in multiple
species. Methods Mol. Biol. 2015, 1241, 23–38. [CrossRef]
31. Wai, T.; Ao, A.; Zhang, X.; Cyr, D.; Dufort, D.; Shoubridge, E.A. The role of mitochondrial DNA copy number
in mammalian fertility. Biol. Reprod. 2010, 83, 52–62. [CrossRef]
32. Jeong, D.W.; Moon, J.Y.; Choi, Y.W.; Moon, H.; Kim, K.; Lee, Y.H.; Kim, S.Y.; Kim, Y.G.; Jeong, K.H.;
Lee, S.H. Effect of blood pressure and glycemic control on the plasma cell-free DNA in hemodialysis patients.
Kidney Res. Clin. Pract 2015, 34, 201–206. [CrossRef]
33. Fleischhacker, M.; Schmidt, B. Circulating nucleic acids (CNAs) and cancer–a survey. Biochim. Biophys. Acta.
2007, 1775, 181–232. [CrossRef] [PubMed]
34. Snyder, T.M.; Khush, K.K.; Valantine, H.A.; Quake, S.R. Universal noninvasive detection of solid organ
transplant rejection. Proc. Natl. Acad. Sci. USA 2011, 108, 6229–6234. [CrossRef] [PubMed]
35. Kundert, F.; Platen, L.; Iwakura, T.; Zhao, Z.; Marschner, J.A.; Anders, H.J. Immune mechanisms in the different
phases of acute tubular necrosis. Kidney Res. Clin. Pract 2018, 37, 185–196. [CrossRef]
36. Brinkmann, V.; Reichard, U.; Goosmann, C.; Fauler, B.; Uhlemann, Y.; Weiss, D.S.; Weinrauch, Y.; Zychlinsky, A.
Neutrophil extracellular traps kill bacteria. Science 2004, 303, 1532–1535. [CrossRef]
37. Chow, O.A.; von Kockritz-Blickwede, M.; Bright, A.T.; Hensler, M.E.; Zinkernagel, A.S.; Cogen, A.L.;
Gallo, R.L.; Monestier, M.; Wang, Y.; Glass, C.K.; et al. Statins enhance formation of phagocyte extracellular
traps. Cell Host Microbe. 2010, 8, 445–454. [CrossRef]
38. Yousefi, S.; Gold, J.A.; Andina, N.; Lee, J.J.; Kelly, A.M.; Kozlowski, E.; Schmid, I.; Straumann, A.;
Reichenbach, J.; Gleich, G.J.; et al. Catapult-like release of mitochondrial DNA by eosinophils contributes to
antibacterial defense. Nat. Med. 2008, 14, 949–953. [CrossRef]
39. Schorn, C.; Janko, C.; Latzko, M.; Chaurio, R.; Schett, G.; Herrmann, M. Monosodium urate crystals
induce extracellular DNA traps in neutrophils, eosinophils, and basophils but not in mononuclear cells.
Front. Immunol. 2012, 3, 277. [CrossRef]
40. Lin, A.M.; Rubin, C.J.; Khandpur, R.; Wang, J.Y.; Riblett, M.; Yalavarthi, S.; Villanueva, E.C.; Shah, P.;
Kaplan, M.J.; Bruce, A.T. Mast cells and neutrophils release IL-17 through extracellular trap formation
in psoriasis. J. Immunol. 2011, 187, 490–500. [CrossRef]
41. Goldmann, O.; Medina, E. The expanding world of extracellular traps: Not only neutrophils but much more.
Front. Immunol. 2012, 3, 420. [CrossRef] [PubMed]
42. Yousefi, S.; Mihalache, C.; Kozlowski, E.; Schmid, I.; Simon, H.U. Viable neutrophils release mitochondrial
DNA to form neutrophil extracellular traps. Cell Death Differ. 2009, 16, 1438–1444. [CrossRef] [PubMed]
Diagnostics 2020, 10, 152 11 of 12
43. McIlroy, D.J.; Jarnicki, A.G.; Au, G.G.; Lott, N.; Smith, D.W.; Hansbro, P.M.; Balogh, Z.J. Mitochondrial
DNA neutrophil extracellular traps are formed after trauma and subsequent surgery. J. Crit. Care 2014, 29,
1133.e1–1133.e5. [CrossRef] [PubMed]
44. Schreiner, G.F.; Harris, K.P.; Purkerson, M.L.; Klahr, S. Immunological aspects of acute ureteral obstruction:
Immune cell infiltrate in the kidney. Kidney Int. 1988, 34, 487–493. [CrossRef]
45. Munshi, R.; Hsu, C.; Himmelfarb, J. Advances in understanding ischemic acute kidney injury. BMC Med.
2011, 9, 11. [CrossRef]
46. Tsuji, N.; Tsuji, T.; Ohashi, N.; Kato, A.; Fujigaki, Y.; Yasuda, H. Role of Mitochondrial DNA in Septic AKI via
Toll-Like Receptor 9. J. Am. Soc. Nephrol 2016, 27, 2009–2020. [CrossRef]
47. Whitaker, R.M.; Stallons, L.J.; Kneff, J.E.; Alge, J.L.; Harmon, J.L.; Rahn, J.J.; Arthur, J.M.; Beeson, C.C.;
Chan, S.L.; Schnellmann, R.G. Urinary mitochondrial DNA is a biomarker of mitochondrial disruption and
renal dysfunction in acute kidney injury. Kidney Int. 2015, 88, 1336–1344. [CrossRef]
48. Eirin, A.; Saad, A.; Tang, H.; Herrmann, S.M.; Woollard, J.R.; Lerman, A.; Textor, S.C.; Lerman, L.O. Urinary
Mitochondrial DNA Copy Number Identifies Chronic Renal Injury in Hypertensive Patients. Hypertension
2016, 68, 401–410. [CrossRef]
49. Jiang, P.; Chan, C.W.; Chan, K.C.; Cheng, S.H.; Wong, J.; Wong, V.W.; Wong, G.L.; Chan, S.L.; Mok, T.S.;
Chan, H.L.; et al. Lengthening and shortening of plasma DNA in hepatocellular carcinoma patients. Proc. Natl.
Acad. Sci. USA 2015, 112, E1317–E1325. [CrossRef]
50. Wu, J.; Pan, X.; Fu, H.; Zheng, Y.; Dai, Y.; Yin, Y.; Chen, Q.; Hao, Q.; Bao, D.; Hou, D. Effect of curcumin on
glycerol-induced acute kidney injury in rats. Sci. Rep. 2017, 7, 10114. [CrossRef]
51. Panizo, N.; Rubio-Navarro, A.; Amaro-Villalobos, J.M.; Egido, J.; Moreno, J.A. Molecular Mechanisms and
Novel Therapeutic Approaches to Rhabdomyolysis-Induced Acute Kidney Injury. Kidney Blood Press. Res.
2015, 40, 520–532. [CrossRef] [PubMed]
52. Belliere, J.; Casemayou, A.; Ducasse, L.; Zakaroff-Girard, A.; Martins, F.; Iacovoni, J.S.; Guilbeau-Frugier, C.;
Buffin-Meyer, B.; Pipy, B.; Chauveau, D.; et al. Specific macrophage subtypes influence the progression of
rhabdomyolysis-induced kidney injury. J. Am. Soc. Nephrol 2015, 26, 1363–1377. [CrossRef] [PubMed]
53. Grossman, R.C. Experimental models of renal disease and the cardiovascular system. Open Cardiovasc. Med.
J. 2010, 4, 257–264. [CrossRef]
54. Feltes, C.M.; Van Eyk, J.; Rabb, H. Distant-organ changes after acute kidney injury. Nephron. Physiol. 2008,
109, 80–84. [CrossRef]
55. Kramer, A.A.; Postler, G.; Salhab, K.F.; Mendez, C.; Carey, L.C.; Rabb, H. Renal ischemia/reperfusion leads
to macrophage-mediated increase in pulmonary vascular permeability. Kidney Int. 1999, 55, 2362–2367.
[CrossRef]
56. Liu, M.; Liang, Y.; Chigurupati, S.; Lathia, J.D.; Pletnikov, M.; Sun, Z.; Crow, M.; Ross, C.A.; Mattson, M.P.;
Rabb, H. Acute kidney injury leads to inflammation and functional changes in the brain. J. Am. Soc. Nephrol.
2008, 19, 1360–1370. [CrossRef]
57. Lee, S.A.; Cozzi, M.; Bush, E.L.; Rabb, H. Distant Organ Dysfunction in Acute Kidney Injury: A Review.
Am. J. Kidney Dis. 2018, 72, 846–856. [CrossRef]
58. Emlen, W.; Mannik, M. Effect of DNA size and strandedness on the in vivo clearance and organ localization
of DNA. Clin. Exp. Immunol. 1984, 56, 185–192.
59. Gauthier, V.J.; Tyler, L.N.; Mannik, M. Blood clearance kinetics and liver uptake of mononucleosomes in mice.
J. Immunol. 1996, 156, 1151–1156.
60. Chused, T.M.; Steinberg, A.D.; Talal, N. The clearance and localization of nucleic acids by New Zealand and
normal mice. Clin. Exp. Immunol. 1972, 12, 465–476.
61. Basnakian, A.G.; Apostolov, E.O.; Yin, X.; Napirei, M.; Mannherz, H.G.; Shah, S.V. Cisplatin nephrotoxicity is
mediated by deoxyribonuclease I. J. Am. Soc. Nephrol. 2005, 16, 697–702. [CrossRef]
Diagnostics 2020, 10, 152 12 of 12
62. Seredkina, N.; Rekvig, O.P. Acquired loss of renal nuclease activity is restricted to DNaseI and is
an organ-selective feature in murine lupus nephritis. Am. J. Pathol. 2011, 179, 1120–1128. [CrossRef]
63. Basnakian, A.G.; Singh, A.B.; Shah, S.V. Identification and expression of deoxyribonuclease (DNase) I
alternative transcripts in the rat. Gene 2002, 289, 87–96. [CrossRef]
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
